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ABSTRACT

Optical code division multiple access (O-CDMA) uses very narrow transmission pulses and is thus susceptible to fiber
optic link impairments. When the O-CDMA isimplemented as wavel ength/time (W/T) matrices which use wavel ength
division multiplexing (WDM) sources such as multi-frequency laser transmitters, the susceptibility may be higher due
to: (a) the large bandwidth utilized and (b) the requirement that the various wavel ength components of the codes be
synchronized at the point of modulation and encoding aswell as after (optical) correlation. A computer simulation based
on the nonlinear Schrédinger equation, developed to study optical networking on the National Transparent Optical
Network (NTON), was modified to characterize the impairments on the propagation and decoding of W/T matrix codes
over alink of the NTON. Threecritical link impairmentswere identified by the simulation: group velocity dispersion
(GVD); theflatness of the optical amplifier gain; and the slope of the GVD. Subsequently, experimentswere carried out
on the NTON link to verify and refine the ssimulations as well as to suggest improvements in the W/T matrix signal
processing design. The NTON link measurements quantified the O-CDMA dispersion compensation reguirements.
Dispersion compensation management is essential to assure the performance of W/T matrix codes.

K eywor ds; Dispersion compensation; Optical CDMA; WDM; Optical fiber

1. INTRODUCTION
O-CDMA uses harrow transmission pulses (because it needs return-to-zero, RZ, modulation with less than 25% duty
cycle'™"). Hence O-CDMA is susceptible to link impairments, especially as the data rate exceeds one Gbrs. If the O-
CDMA is based on matrix codesimplemented as W/T matrices®®® which use WDM sources such as multi -frequency
laser transmitters, M FLs'*, then the susceptibility may be higher than that of monochromatic O-CDMA because of
the bandwidth utilized (e.g., number of wavelengthsin the code set times the 100 or 200 GHz spacing of the MFLs) and
(b) the strict requirement that the various signal wavelengthsin the codes be synchronized at the point of modulation
(datainsertion and encoding) aswell as after transmission and (optical) correlation.

Despite these potential sensitivitiesto link impairments, the W/T matrix approach has the benefits and advantages that
(2) the matrix codes are an order of magnitude less demanding than linear codes with respect to the time domain;

(2) the W/T matrix codes act asa WDM wavelength multiplier; and (3) the W/T matrix codes have a spectral efficiency
(bit/s’'Hz) comparable to WDM®.

Henceit iscrucia to identify the link impairments on the propagation of O-CDMA codes, and to define the correspond-
ing compensation requirements. Towards this objective, a computer simulation based on the nonlinear Schrédinger
equation, using a split-step technique (devel oped to study optical networking on the NTON) was modified and applied to
alink of the NTON to characterize specifically the impairments on the propagation and decoding of W/T matrices'®*3,

The simulation identified three critical link impairmentswhich affect the propagation and performance of W/T matrices:
(2) the group velocity dispersion (GVD); (2) the flatness of the optical amplifier gain; and (3) the slope of the GVD.



The simulation also computed that four-wave-mixing (FWM) would be an observable feature in the spectra of the
propagated W/T matrices, and that the field, rather than the intensity, was the proper descriptor for modeling and
analyzing the O-CDMA performance. (The later observation isimportant because, like most O-CDMA codes, the W/T
codes are unipolar and most O-CDMA signal-to-interference ratio analyses are based on theintensities of the signal and
multi-user interference, MAI. Theissue of thefield vsthe intensity picture will be discussed in detail elsewhere.)

Therefore, experiments were designed to verify the simulation results. The measurements carried out on the NTON link
quantify the three primary link impairments and show that amplified spontaneous emission noise masks the FWM.

2. DESCRIPTION OF THE NTON LINK, EXPERIMENTS, AND TEST SET-UP
Figure 1 showsthe specific NTON link used for the code propagation experiments. The link was used in a back -to-back
configuration and then in aloop-back configuration, to simplify the experiment’ s coordination. The back-to-back
(Iaboratory) configuration defines the impairment-free condition, and the loop-back configuration includes all
impairments: the GV D, attenuation, EDFA gain imbalance, nonlinearities, etc.

The simulation modeled the propagation of the W/T matrix codes from Lawrence Livermore National Laboratory
(LLNL) to Burlingame (Sprint facility), whereas the code propagation measurementsinvolve around trip (LLNL -
>Burlingame->LLNL), by means of aloop-back patch at Burlingame, as mentioned above. Thus, the smulated link is
214 km, and the measured link is 476 km. Both the simulation and the measurements include Standard single mode fiber
(SMF-28) and Corning LEAF, in about a 3:1 ratio in length. The measurements shoul d show more pronounced effects
than the ssmulation. The corning LEAF is more optimized for operation in the 1550 nm regime compared to the SMF-28.
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Figure 1. Description of the NTON Link Used in the Validation/Evaluation Experiments.




Figure 2 showsthe details of the laboratory and field experimental arrangement. Key subassemblies are: the Multi -
Frequency Laser (MFL) module®'®™ granted to MRDA by its developer, the Lucent Technologies/Bell Labs, for
exploring O-CDMA applications; the external RZ modulator which permits the synchronous, simultaneous modul ation
of multiple wavelengths; the 3 GHz signal generator; the broadband receiver and oscilloscope which can detect and
record the W/T pulse stream in the back-to-back and loop-back configurations; and the spectrum analyzer which can
measure and depict the optical signal-to-noise ratio before and after traversal of the NTON link.

Not shown in the figure are the various dispersion compensation modules (DCMs) which can be inserted to correct, at
least in part, the effectsof GVD.

Detecting and recording the W/T pulse stream in the loop-back configuration can be used to deduce the GVD rédativeto
the shortest wavelength in the W/T set. Recording the output of the spectrum analyzer in the loop-back configuration
can be used to measure the EDFA gain imbalance and determine if FWM is observable.
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Figure2. The LLNL NTON Transmit/Receive Laboratory Configuration.

3. TESTSAND EXPERIMENTS CARRIED OUT
The tests and experiments performed by LLNL included:

(1) sending and recording the signal and the spectrum of a single wavelength and a quartet of wavelengthsin a
back-to-back configuration (the quartet simulatesthe W/T matrix codes);

(2) sending and recording the signal and the spectrum of a single wavelength and a quartet of wavelengthsin a
loop-back configuration.

The set of experimentsincluded in (1) establishes the reference for calibration purposes. The set of experimentsincluded



in (2) determines the effects of the link impairments on code propagation. The results of experiment set (2) can also be
used to define the dispersion compensation strategy, to determine whether FWM is observable, and to referee the
intensity vsfield picture. (As mentioned Section 1, the issue of thefield vsintensity picturewill be treated €l sawhere.)

Figure 3a shows the output of the MFL/LiNbO3; modulator combination, operated at the maximum bandwidth of the
signal generator (3 GHz). All wavelengths of the MFL are included, and they all have the trapezoidal pulse shape.
Figure 3b shows the pulse shape at a given wavelength, after loop-back (the wavel engths have been spaced out by the
effects of dispersion). The trapezoidal pulse has been broadened and transformed into a triangular pulse. This effect was
seen for all wavelengths.
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Figure 3. Pulse Shape at Output of MFL/Modulator (a) and After L oop-Back (b).

The effects of GVD and EDFA gain imbalance were measured by launching the quartet of pulses with wavel engths
AL, A3, A5, A8 and capturing the signal after loop-back. Typical results are shown in Figure 4. The quartet has been
spread-out in time (the scale is 5 ng/div) and the pulse amplitudes are unequal.
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Figure 4. Effects of GVD and EDFA Gain Imbalance on the Quartet A1, A3, A5, A8.



Figure 5 shows the spectra of the quartet at the output of the MFL/modulator and after loop-back. The spectra clearly
show the effect of EDFA gain imbalance; the presence and magnitude of ASE noise; and the absence of observable
FWM. The FWM is not evident in Figure 5b, in contrast to the expectations of simulation results', becauseit is masked
by the much larger ASE power (analytical computations indicate that the ASE exceeds the FWM power by 6 dB). The
loop-back spectrum shows an optical signal-to-noise ratio (OSNR) of 23 to 28 dB, from A1 to A8.
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4. ANALYSISOF THE DISPERSION TEST RESULTS
The results of the time-trace of the dispersion effects, Figure 4, can be represented as dispersion relative to the shortest
wavelength (i.e., relative dispersion; the dispersion compensation need only relate to the shortest wavelengthiif the
dispersion is positive). Figure 6 shows the actual dispersion (in ps) from shortest to longest wavelength; i.e., A1 to A8.

Figure 6 also showstheresidual dispersion after the dominant dispersion is compensated by a linear compensation
mechanism. The figure showsthat the A1-A8 dispersion, over this476 km link, isabout 47,000 ps (47 ns).

The dispersion curvature effect, which would lead to skew™ if the linear effect were compensated, is of the order of 500
ps at some of the code wavelengths (right vertical axis). Since the codes use the available wavelengthsin a more or less

random fashion, the effect of linear dispersion and dispersion curvature is more severe for some codes than others. In all
cases, the components of the autocorrelation peak must be aligned to within 1 to 2.5% of 1/R, where R=data rate**

The experimental results can be understood in terms of the dispersion characteristics of the NTON loop-back link. The
manufacturer (Corning) givesthe fiber dispersion characteristics for SMF-28 and LEAF as

D1(SMF -28) = 0.023(A-((1312)*4)/(A\)*3) ps/nm-km 1)
D2(LEAF) = 0.1* A-151.3 ps/nm-km @)

with the length of the SMF portion being L1(SMF-28) = 179.8 km; the length of the LEAF portion being L2(LEAF) =
58.6 km; and the reference wavelength being A = 1555 nm. Then the Net Loop-Back Dispersion is

2*D(L1+L2) = 2*(D1*L1+D2*L2)

= 6836 pg/nm 3



Given a 3 GHz modulation bandwidth, the computed broadening of the loop-back pulse is 164 ps, and thisisconsistent
with the pulse broadening observed in Figure 3.
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Using the MFL wavelength spacing of 100 GHz, Eqn. (3) gives 38,282 psfor the expected dispersion between Al and

A8, compared to the 47,000 actually observed. Thus, the effective dispersion associated with the various fibers must be
improved in order for the simulation and experiments to match. In any case, the probe measurements described above

are exact and take precedence over the analysisin specifying the dispersion compensation reguirements.

5. CONCLUDING REMARKS
A new, powerful approach to O-CDMA isbased on W/T matrix codes. These codes act as wavelength multipliers and
support multiple, asynchronous, concurrent user-pairs. Simulations have been used to evaluate the propagation of these
codes over ingtalled fiber optic links such as the NTON. The simulations have shown that the GVD, EDFA gain flatness,
and GVD dope are critical impairments of O-CDMA (especially W/T matrix code) system performance. Thus, the
simulations predict that strict GVD compensation and EDFA gain flathess control are required. Experiments performed
over an NTON link support and validate these simulation results.
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